Dideoxy chain-termination DNA sequencing was used to determine the specific DNA base changes induced after in vivo exposure of Escherichia coli to N-methyl-Nnitrosourea (MNU) and N-ethyl-N-nitrosourea (ENU) using the xanthine guanine phosphoribosyltransferase (gpt) gene as the genetic target. The resultant mutation spectra were compared with the levels of O6-alkylguanine and 04-alkylthymidine in genomic DNA immediately after exposure. All (39/39) of the MNU-induced mutations were G-C-+A-T transitions. In contrast, 24/33 point mutations isolated following ENU treatment were G-C-+AT transitions, 7/33 were A-T-*GC transitions,
Alkylating agents are thought to induce mutations through the formation of DNA adducts that result in misincorporation during replication. Numerous studies using various approaches have been done to elucidate the specific adducts that result in mutations. In vitro misincorporation studies (1) (2) (3) (4) (5) (6) , in vivo site-directed mutagenesis studies (7) (8) (9) , and in vivo studies comparing specific adducts and mutation frequency (10) (11) (12) (13) have all been reported. These studies have suggested that of the adducts examined, O4-alkylthymidine (04-alkyldT) and 06-alkylguanine (06-alkylG) are the principal promutagenic lesions.
An in vivo study comparing the concentrations ofparticular DNA adducts formed with the frequency of specific DNA base changes is reported in this paper. These comparisons are made utilizing a forward mutation system employing a small genetic target and dideoxy chain-termination DNA sequencing methods (14) to rapidly determine the specific DNA base changes associated with exposure to two mutagens. Specifically, Escherichia coli carrying the xanthine guanine phosphoribosyltransferase gene (as the genetic target) on the plasmid pSV2gpt (15) (16) (17) were exposed in vivo to the simple alkylating agent N-methyl-N-nitrosourea (MNU) or N-lthyl-N-nitrosourea (ENU). The type and frequency of specific DNA base changes in mutants were compared to the concentrations of 06-alkylG and 04-alkyldT in the genomic DNA.
MATERIALS AND METHODS
Bacterial Strains. The following K-12 E. coli strains were used: (i) GP120 [A(gpt pro lac) PurE sull r'm+] was a gift from J. S. Gots, University of Pennsylvania, Philadelphia).
(ii) GP120A [A(gpt pro lac) PurE+ su-r+m+]: a valineresistant (Valr) derivative of GP120 and a rifampicin-resistant (Rif') derivative of HfrH (PurE+ su-; ATCC e23739) were isolated and mated for 2 hr. (ValD(Rifr) colonies were isolated and tested for the ability to grow without added purines (PurE+), the inability to grow without proline [A(gpt pro lac)], and the inability to support growth of Nam X phage (su-). One was selected (GP120A) and used in this study. (iii) 7-2 [A(gptpro lac) PurE su-Cm-]. (Valr)(Rif`) colonies from the above mating were tested for their inability to grow with xanthine as a purine source [A(gpt pro lac) PurE] and the inability to support growth of Nam X phage (su-). This isolate was then treated with 3 ,ug of N-methyl-N'-nitro-N-nitrosoguanidine per ml overnight followed by transformation with unmodified pBR322 and selection in ampicillin (amps). A colony possessing the r-m-phenotype was identified (strain 7-2) and cured of pBR322 using acridine orange (18) . (iv) The 33694 cell line was obtained from The American Type Culture Collection (Rockville, MD).
Plasmids. The pSV2gpt plasmid (15) (16) (17) was the gift of R. Mulligan (Massachusetts Institute of Technology, Cambridge, MA). The tetracycline-resistant (tetD gpt deletion plasmids used for mapping (H20A, H30A, H40A) were constructed as follows: the EcoRI-EcoRI, gpt-containing fragment of deletion plasmids H20, H30, and H40 (19) was isolated and cloned into the EcoRI site ofpBR322. These new plasmids were digested with Pst I, and the large Pst I fragment was ligated to make the new deletion plasmids tetr amps.
Chemicals. Chemicals were obtained as follows: bactotryptone, bacto-peptone, Casamino acids, bacto-dextrose, brain heart infusion (BHI), and bacto-agar from Difco (American Scientific Products, MacGaw Park, IL); agarose, lysozyme, ammonium persulfate, thiamine, N-methyl-N'-nitro-N-nitrosoguanidine, N-methyl-N-nitrosourea, N-ethyl-N-nitrosourea, and proteinase K from Sigma; M13 Plasmid DNA was isolated from control and exposed GP120 (20, 21) followed by a cesium chloride/ethidium bromide density-gradient centrifugation (22) . The ethidium bromide was removed; the plasmid DNA was precipitated and stored at -20°C. One microgram of the control or treated plasmid DNA was used to transform GP120A by a modification of the method developed by Mandel and Higa (23) . Following transformation, cells were grown in minimal medium for 2-4 hours, and gpt-mutants were then selected on minimal agarose plates containing 8 ,ug of 6-thioguanine and 20 ,ug of ampicillin per ml. To allow calculation of the mutation frequency, the total number of transformants was determined by plating these cultures on ampicillin plates. One mutant colony from each transformation was chosen for subsequent mapping and DNA sequencing to ensure sampling of independent events. Deletion Mapping of gpt Mutants. Mutant plasmid DNA from 10 ml of GP120A was isolated using a modified Birnboim and Doly procedure (24) . Competent strain 7-2 and strain 7-2 carrying gpt deletion plasmids H20A, H30A, or H40A [stored at -70°C (25) ] were thawed on ice and then transformed with the mutant plasmid DNA. BHI was added to each culture, and the cells were incubated on a roller wheel (Bellco Glass) at 370C for 1-2 hr. Cultures of strain 7-2 were plated on X-ampicillin (20 ,ug/ml) plates and cultures of strain 7-2 carrying the deletion plasmids were plated on X-ampicillin (20 pig/ml)-tetracycline (10 ,ug/ml) plates.
Two colonies were picked from each plate (one plate per transformation) and grown overnight at room temperature in 1.0 ml of BHI. The following day 5.0 ml of BHI was added to each culture, and the cultures were incubated at 37°C on a roller wheel for 4 hr. After the 4-hr incubation, 0.5 ml of the culture was transferred to a sterile microfuge tube, pelleted, washed twice with 0.5 ml of phosphate-buffered saline and resuspended in 0.5 ml of phosphate-buffered saline. A 100-Al sample of these cells was plated on minimal plates containing 25 ,g of xanthine per ml, allowed to grow for 2 days at 37°C, and then scored for the presence of gpt+ recombinants (0 to several hundred recombinants per plate were observed). The 7-2 cultures were used as controls to test for revertants, or the presence of "leaky" mutants. Leaky mutants were defined as mutants capable of growth in the presence of xanthine and identified by the yellow-orange lawn of cells on all plates. Mapping information was used in choosing the appropriate synthetic primer for DNA sequencing (Fig. 1) .
DNA Sequencing. Plasmid DNA used in dideoxy chaintermination DNA sequencing was prepared from strain 33694 due to recurrent nuclease problems associated with GP120 derivatives. Briefly, plasmid was amplified overnight with chloramphenicol, isolated, and put through two rounds of cesium chloride/ethidium bromide density-gradient centrifugation. After removal of ethidium bromide, the plasmid DNA was ethanol-precipitated twice. The DNA was treated with proteinase K (0.37 unit) for 2 hr, phenol/ether extracted, and ethanol-precipitated. It was then treated with RNase T1 (10 units) for 30 min, phenol/ether extracted, and ethanolprecipitated. The DNA was applied to a Bethesda Research Laboratories NACS column equilibrated in 0.5 M NaCl in TE buffer and eluted with 2.0 M NaCl in TE buffer. The eluted plasmid DNA was then ethanol-precipitated, washed with 70% ethanol, dried, and stored at -20°C. Synthetic DNA primers spanning the gpt gene were made by Applied Biosystems (Foster City, CA) and used to sequence control and gpt-mutants according to the method of Sanger et al. (14) and dideoxynucleotide mixes were pipetted on the other side of the tubes (the recommended concentration of dideoxyATP in the mixes was changed from 0.5 mM to 0.128 mM). The contents were briefly centrifuged to start all reactions simultaneously. The initial sequencing and the chain elongation reaction conditions were as described (M13 sequencing system manual). However, the A reaction was stopped by adding 5 (instead of 10) u.l of the formamide/dye solution.
One microliter from each sequencing reaction was loaded onto an 8% acrylamide/urea/TBE sequencing gel. The gels were run at 40 mA and autoradiographed for 1-3 days at -70TC using Kodak XAR-5 x-ray film and Kodak Lightning Plus intensifying screens (Eastman Kodak).
Alkylation. One liter of GP120 at a density of5 x 108 cells per ml was exposed to 7 mM MNU or 35 mM ENU for 5 min (procedure as described in the mutagenesis section). Following exposure, cells were pelleted and frozen in liquid nitrogen. The frozen pellet was kept at -70TC until the DNA was isolated.
DNA was isolated by chloroform/isoamyl alcohol/phtnol extraction and purified by hydroxylapatite chromatography (26) . The amounts of 7-alkylguanine (7-alkylG) and 06-alkylG The table shows the nucleotide positions of mutants (Fig. 1) , the mapping data as to whether or not the mutation was leaky, the altered base with the surrounding 5' and 3' nucleotides, the base change, the amino acid change or nonsense codon (boldface), and the number of times the mutation occurs in spontaneous, ENU-induced or MNU-induced mutants. -, Nonleaky mutant; +, leaky mutant,; +/-, some mutants were leaky, whereas others were not. The mutation spectrum was determined for 17 spontaneous, 36 ENU-induced, and 39 MNU-induced mutants.
in the DNA were quantitated using HPLC separation coupled to fluorescence detection as previously described (27) . 04-alkyldT concentrations were determined using sensitive O4-methylthymidine (04-MedT) and 04-ethylthymidine (04-EtdT) polyclonal antibodies in a competitive radioimmunoassay (28) . Since the thymine/guanine ratio in E. coli DNA is 1:1 (29), results were expressed as pmol of 06 per /imol of guanine, pmol of N7 per /imol of guanine, and pmol of 04 per imol of thymidine. RESULTS Treatments with 35 mM ENU or 7 mM MNU produced 5-and 10-fold increases, respectively, in mutation frequency and resulted in about a 50% survival (Table 1 ). Assuming 10 copies of plasmid per cell, these treatments produced 4.75 x 107 ENU-induced mutants and 9.75 x 107 MNU-induced mutants in the original treated cultures. These large numbers ensured that the mutants selected for sequence analysis arose independently. MNU-and ENU-exposed cells divided about 2.5 times (versus 3.5 times for the control) during the 3-hr expression time (Table 1) .
Sequencing results of the spontaneous, 7 mM MNUinduced, and 35 mM ENU-induced mutations are presented in Table 2 . The mutation spectrum resulting from MNU exposure showed four or more mutations occurring at positions 116, 128, 402, and 418. The mutation at position 402 resulted in a nonsense mutation, whereas mutations at the other positions resulted in missense mutations. A leaky mutation was observed at position 418. All 39 MNU-induced mutations were G-C--A-T transitions.
ENU induced a different mutation spectrum with 4 or more mutations occurring at positions 402, 418, and 419. The mutation at 402 resulted in a nonsense codon, whereas those at positions 418 and 419 were leaky missense mutations. One other leaky site at position 274 was observed, but only one mutant occurred at this site. Following ENU exposure, 24/36 mutations observed were G.C-*A-T transitions and 7/36 were A T-*G*C transitions ( Table 2) . One of the A.T-*G.C transitions occurred at position 181, 2 occurred in the Pribnow box at position -67, and the other 4 occurred at position 419. Positions 181 and 419 gave rise to missense mutations. The rest of the ENU mutation spectrum consisted of 1 G-C-)C-G transversion at position 110, 1 A-T--C-G transversion at position -67 (Pribnow box), and 3 mutants containing large insertions (Table 2) . Given the 5-fold increase over the spontaneous mutation frequency (Table 1) and the nature of spontaneous mutants (see below), there is a high probability that these insertion mutations were spontaneous in origin.
Preliminary sequencing of several spontaneous mutants indicated that there were large insertions or deletions (several hundred nucleotides) in the gene. Further work involving restriction enzyme analysis (data not shown) showed that of the 17 spontaneous mutants isolated, 8 were deletions, 7 were insertions and 2 were point mutations ( Table 2) . One of the point mutations was a GC--AT transition at position 3, and the other was a GC--T-A transversion at position 406. The transition at position 3 altered the start codon, and the transversion at position 406 resulted in a nonsense mutation, A partial sequence of one of the insertions was submitted to IntelliGenetics (Mountain View, CA). No homology to any sequences on file with IntelliGenetics was seen.
32/39 MNU and 17/24 ENU G-C--A-T transition mutations occurred at the middle guanine ofthe sequence 5'-GG(A or T)-3' (Table 2) . A computer search of the gpt sequence was performed to determine the total number of 5'-NGN-3' sequences in the gpt gene (sense and antisense strands) that could give rise to amino acid changes or stop codons upon mutation of that guanine. Of the 171 sites found, only 16% (27 sites) are the sequence 5'-GG(A or T)-3' (Table 3 ). In this (Table 3) . A strand preference for altered guanines was also observed ( Table 3 ).
The concentrations of 06-alkylG, 7-alkylG, and 04-alkyldT after the 5-mmi exposure to MNU and ENU are presented in Table 4 . The amount of 06-methylguanine (06-MeG) was 147 pmol/,umol of guanine and the ratio of 06-MeG/7-methylguanine (7-MeG) was 0.12. The amount of 06-ethylguanine (O6-EtG) was 41.5 pmol/,umol of guanine [amounts of 7- ethylguanine (7-EtG) were too low to be quantitated]. The ratio of 04-MedT/06-MeG was 0.014, whereas the ratio of O4-EtdT/06-EtG was 0.28 (Table 4) . These results are consistent with those reported following in vivo and in vitro exposures (1).
DISCUSSION
It is evident from this work that MNU and ENU give rise to different mutational spectra. Specifically, MNU induced all (100%) G*C-+A*T transitions, whereas ENU induced 73% G-C--A-T transitions, 21% A-T-+G-C transitions, and 6% transversions. In contrast, spontaneous mutants were 41% insertions, 47% deletions, 6% GC--A-T transitions, and 6% G-C--TA transversions. The predominance of point mutations observed after MNU and ENU treatments is consistent with simple base pair mismatches induced by specific DNA adducts known to be generated by these alkylating agents (1) . Two of these adducts, 06-alkylG and 04-alkyldT are considered to be major promutagenic lesions and have been shown to cause mispairing during DNA replication in vitro (2) (3) (4) (5) . In support of this theory, the different ratios of 0.28 for 06-EtG/04-EtdT and 0.014 for 06-MeG/04-MedT (Table 4) are consistent with the detection of A.T-*G.C transitions after ENU exposure (7/33 mutations), but not after MNU exposure (0/39 mutations). These results support the idea that the relative ratios of promutagenic lesions in the DNA are important in determining the actual base pair changes induced by compounds (30) . Other mechanisms may also affect this mutation spectrum. It has been shown that free alkylated deoxynucle6tides can be incorporated into DNA during replication (5, 31) . It has also been shown that some of the mutations induced by ENU, but not by MNU, mutagenesis result from SOS processes (32) (33) (34) . It is interesting to note that SOS-induced mutations are primarily transversions (35) and that transversions were observed in the ENU-induced, but not the MNU-induced, spectrum. Although less MNU (by a factor of 5) was used, total 06-alkylG plus 04-alkyldT alkylation due to MNU was 2.8-fold higher than that due to ENU (Table 4 ). This suggests a 14-fold higher reactivity of MNU with DNA at these sites, which is in agreement with previous results (1). However, these concentrations of 06-alkylG plus 04-alkyldT resulted in comparable mutation frequencies (Table 1) . This suggests that the ethylated adducts are more efficient promutagenic lesions. The increase in efficiency may be due to enhanced mispairing by ethylated adducts and/or less efficient repair (36) .
Mutagenesis by both MNU and ENU exhibits sequence specificity with 82% of the MNU-and 71% of the ENUinduced G.C-*A.T mutations occurring at the middle guanine of the sequence 5'-GG(A or T)-3' (Table 3) . Many examples of mutation sequence specificity with other compounds have been reported (37) (38) (39) (40) .
The sequence specificity observed with MNU and ENU could be due to preferential alkylation of bases, local repair deficiencies, and/or alterations in mispairing capabilities due to the local DNA environment. Briscoe and Cotter (41, 42) using synthetic polynucleotides have shown that the base sequence is important in determining the percent of alkylation at specific base sites. Boiteux and Laval (43) have shown that repair capabilities of 06-methyltransferase are reduced when DNA is in the Z-conformation. In addition, Skopek and Hutchinson (37) have shown that 5-bromouracil results in different frequencies of mutations depending upon the site of incorporation.
The system described in this paper allows rapid scoring and sequencing of forward mutations in the E. coli gpt gene. The positive selection for mapping allows the detection of any type of mutation that results in partial or total inactivation of gpt. Thus, this system was able to detect insertions, deletions, missense mutations (including leaky mutations), and nonsense mutations [including the TGA (opal) codon (Table  2) ]. Leaky mutations and the TGA (opal) codon are not currently detected in other systems (37, 44, 45) . In this study two hotspots (sites 418 and 419) were leaky mutations. Five of the ten sites that could result in nonsense mutations due to transitions were observed with three of these five resulting in the TGA (opal) codon.
A further advantage of this system is the ability of the gpt gene on plasmid pSV2gpt to function in mammalian cells (15) (16) (17) . Thus, prokaryotic and eukaryotic mutation spectra can be compared. Recently, Ashman et al. (46) have isolated and sequenced three gpt mutants recovered from mammalian chromosomal DNA.
It is interesting to note that 100%7b of activated Ha-ras-1 oncogenes from MNU-induced rat mammary tumors had a G-C-)A-T transition at the middle guanine of the sequence 5'-GGA-3' (47) . This is the same sequence specificity observed after MNU mutagenesis of the plasmid-carried gpt gene reported in this paper. This suggests that knowledge of the sequence specificity of chemical mutagens may be important in understanding their ability or inability to activate specific oncogenes.
